The recent advances in single atom detection and manipulation in experiments with ultracold quantum gases are reviewed. The discussion starts with the basic principles of trapping, cooling and detecting single ions and atoms. The realization of single atom detection in ultracold quantum gases is presented in detail and the employed methods, which are based on light scattering, electron scattering, field ionization and direct neutral particle detection are discussed. The microscopic coherent manipulation of single atoms in a quantum gas is also covered. Various examples are given in order to highlight the power of these approaches to study many-body quantum systems.
Whenever new experimental techniques are developed, new physical observables become accessible. The detection of single particles is an outstanding example which has revolutionized our understanding of physics. This is true for the highest energy scales such as studied in particle accelerators as well as for the lowest energy scales, realized with ultracold quantum gases. In the realm of quantum optics and ultracold quantum gases, the detection of single particles goes hand in hand with superb preparation and manipulation techniques. The famous quote of Erwin Schrödinger "In the first place it is fair to state that we are not experimenting with single particles, any more than we can raise Ichthyosauria in the zoo" (Schrödinger, 1952) stands exemplary for the ever ongoing technological progress in physics.
While single particle detection was realized almost one hundred years ago by Charles Wilson with the help of his cloud chamber, the full potential of quantum research on the single particle level became accessible when experimentalists managed to control and read-out the internal and external degrees of freedom. This was first achieved for charged particles, starting with the study of single electrons in a Penning trap (Wineland et al., 1973) and single ions in Paul traps (Neuhauser et al., 1980; Wineland and Itano, 1981) . Meanwhile, the control over the motion and the internal states of trapped ions has provided unprecedented insight into the microscopic quantum world. The study of quantum jumps (Bergquist et al., 1986; Sauter et al., 1986) , the observation of the quantum Zeno effect (Itano et al., 1990) , the demonstration of quantum logical operations (Monroe et al., 1995; Schmidt-Kaler et al., 2003) and a whole toolbox for quantum simulation with trapped ions (Blatt and Roos, 2012) have established cold ion systems as one of the leading platforms in quantum research. At the same time, the experimental capabilities to observe single particles have triggered new theoretical concepts like, e.g., the quantum trajectory approach (Carmichael, 1993; Dalibard et al., 1992) .
The control of neutral particles is based on static magnetic fields and absorptive or dispersive light forces (Ketterle et al., 1999; Phillips, 1998) . The magneto-optical trap (MOT) (Raab et al., 1987) , a combination of a magnetic quadrupole field and six mutually orthogonal laser beams with properly chosen frequency and polarization, is the most convenient way to cool neutral particles. In a single-atom MOT (Haubrich et al., 1996; Hu and Kimble, 1994) , only one atom is present at the time and the continuous scattering of photons forms the basis of fluorescence imaging. By a careful analysis of the photon statistics, even higher atom numbers can be discriminated, culminating in the accurate counting of up to 1200 atoms (Hume et al., 2013) . In a MOT the continuous absorption and emission of photons makes the coherent control of the atoms practically impossible, apart from very short timescales. This limitation has been overcome by the preparation of single atoms in optical dipole traps (Alt et al., 2003; Kuhr et al., 2001; Schlosser et al., 2001; Schrader et al., 2004) , where photon scattering is highly suppressed. Such approaches are employed to work with few particles, studying for instance quantum walks (Karski et al., 2009) , few-body quantum systems (Serwane et al., 2011) , entanglement (Wilk et al., 2010) or coherent few-body dynamics (Barredo et al., 2015) . Experiments with single atoms interacting with a single mode radiation field Gleyzes et al., 2007; Meschede et al., 1985; Nogues et al., 1999 ) have also achieved an impressive level of control.
The advent of ultracold quantum gases has revolutionized the research field of many-body physics. The large number of available bosonic and fermionic atomic species, the variety of trapping potentials and the ability to tune the interaction offer a rich portfolio to study the ground state properties of many-body quantum systems and their dynamics. The realization of Bose-Einstein condensation in dilute atomic gases (Anderson et al., 1995; Bradley et al., 1995; Davis et al., 1995) has marked the beginning of a still ongoing expansion of experimental and theoretical activities (Ketterle et al., 1999 ). An important further milestone has been the implementation of strong interactions with help of so-called optical lattices -periodic potentials created by laser beams which mimic the potential landscape in a solid (Bloch et al., 2008) . This has led to the observation of the superfluid to Mott insulator transition in an ultracod gas (Greiner et al., 2002) . Non-interacting and interacting fermionic quantum gases (Ketterle and Zwierlein, 2008) have also entered the stage and the powerful technique of Feshbach resonances (Chin et al., 2010) , where the interaction strength between two atoms can be set by an external magnetic field, has enabled the observation of the BEC-BCS crossover in ultracold Fermi gases (Randeria and Taylor, 2014) . Further developments include the study of spinor systems (Stamper-Kurn and Ueda, 2013) and artifical gauge fields (Lin et al., 2009 (Lin et al., , 2011 . The conceptual simplicity of ultracold quantum gases, their purity and the high level of experimental control over their parameters make them ideal model systems to study fundamental questions and to benchmark theoretical calculations . Ultimately, they can help to tackle the most challenging problems in many-body physics such as high Tc superconductivity (Dagotto, 2005) .
Many of the above listed many-body systems encode their properties in correlation functions and complex microscopic dynamics. A high resolution, single atom sensitive detection method gives access to many of these properties and greatly enlarges the prospects of ultracold quantum gas research. And there are more fields, where single atom detection and manipulation in an ultracold quantum gas bears great potential: (i) Transport of particles plays a central role in solid state systems. With the help of ultracold quantum gases, fundamental aspects of such transport processes can be studied under controlled conditions (Brantut et al., 2012; Labouvie et al., 2015b; Ronzheimer et al., 2013) . High resolution imaging techniques are thereby ideally suited to characterize the microscopic transport dynamics. (ii) Understanding the non-equilibrium dynamics of closed interacting quantum systems is another challenging problem in many-body physics (Eisert et al., 2014; Langen et al., 2014; Polkovnikov et al., 2011) . The ability to design, control and measure tailored quantum systems on the single atom level paves the way towards understanding local and global properties of non-equilibrium dynamics.
(iii) The evolution of an open many-body quantum system is governed by the coupling of the system with an environment. Engineering the action of the environment can be a tool to produce and stabilize interesting manybody quantum states (Diehl et al., 2008 (Diehl et al., , 2011 . High resolution in situ addressability of a quantum gas is one way to realize this Labouvie et al., 2015a) .
The many promising prospects of single atom detection in ultracold quantum gases are contrasted by the experimental difficulties of imaging many neutral atoms at small relative distances in an experimental setup with plenty of optics installed and limited spatial access. In the past years, several different experimental approaches have overcome these challenges. Experiments with metastable helium atoms (Hodgman et al., 2011; Jeltes et al., 2007; Schellekens et al., 2005; Vassen et al., 2012) were among the first to detect single atoms from an ultracold atomic gas. The technique relies on the detection of the atoms in time of fight. After release from the trapping potential and a free fall of about half a meter, the metastable atoms hit a position sensitive detector and their three-dimensional density distribution is reconstructed. The single particle sensitivity has been exploited to study correlation functions of BoseEinstein condensates, degenerate Fermi gases and thermal clouds. Later on, an optical analogue of this principle based on the fluorescence signal of atoms falling through an optical light sheet has been demonstrated (Perrin et al., 2012) . The first optical in situ imaging of single atoms in a three-dimensional optical lattice was realized in Ref. (Nelson et al., 2007) by means of optical fluorescence. With a lattice spacing of 5 µm, a high occupancy of excited states in each lattice site and an average filling of 1/2, the system was not in the degenerate quantum regime. In situ detection of single atoms inside a quantum gas was first achieved by a scanning electron microscopy technique (Gericke et al., 2008) . Using a focused electron beam, atoms inside the quantum gas are ionized by electron impact ionization and detected. The spatial resolution of this technique is set by the diameter of the electron beam. To date, electron microscopy is still the imaging technique that achieves the highest resolution (about 150 nm (Gericke et al., 2008) ). Single atom-resolved optical fluorescence imaging of a quantum gas in a two-dimensional optical lattice has been achieved shortly afterwards for rubidium atoms (Bakr et al., 2009 (Bakr et al., , 2010 Sherson et al., 2010) and later on for ytterbium atoms (Miranda et al., 2015; Yamamoto et al., 2016) , lithium atoms (Omran et al., 2015; Parsons et al., 2015) and potassium atoms (Cheuk et al., 2015; Edge et al., 2015; Haller et al., 2015) . It relies on the spatially resolved detection of fluorescence light emitted by the atoms while they are exposed to light fields. During the exposure time the atoms remain pinned to the underlying lattice structure. This is achieved by either using laser cooling schemes such as optical molasses (Bakr et al., 2009; Sherson et al., 2010; Yamamoto et al., 2016) , Raman sideband cooling (Cheuk et al., 2015; Omran et al., 2015; Parsons et al., 2015) and so-called EIT cooling (Edge et al., 2015; Haller et al., 2015) or by combining deep enough optical potentials for the ground and excited state of the atomic transition with a short exposure time (Miranda et al., 2015) . These approaches are the only ones that combine in situ imaging of atoms with single site resolution and almost unit detection fidelity. They have been used for a series of fundamental studies of strongly correlated quantum systems (see, for instance, Refs. Endres et al., 2011; Fukuhara et al., 2013b; Preiss et al., 2015a) ). The successful imaging of lithium and potassium atoms represents the first single atom detection in fermionic quantum gases.
Detecting the position and the internal state of single atoms in a quantum gas is a powerful way to characterize a many-body quantum state. Manipulating single atoms -coherently or incoherently -is an add-on which draws a straight connection to non-equilibrium physics. This has been shown by dynamical studies of quantum gases subject to local excitations or density quenches Fukuhara et al., 2013b; Labouvie et al., 2015b; Preiss et al., 2015a; Weitenberg et al., 2011) . Because the measurement of a particle has an influence on the remaining system, single atom detection in an ultracold quantum gas is also closely related to the study of open quantum systems (Breuer and Petruccione, 2002) . Thereby, it literally provides a direct visualization of the quantum to classical transition.
The present review aims at a presentation of the stateof-the-art of single atom detection in ultracold quantum gases. The review is organized as follows: in Section II, we will briefly review the techniques employed for preparing and detecting single atoms in a more general context, including single ions, electrons and atoms. Many techniques for ultracold quantum gases are inspired or directly related to these experiments and many concepts can be clarified with the help of these few-body systems. Section III is the main part of this review and summarizes various techniques for single atom detection in a quantum gas based on ionization, neutral particle detection and photon scattering. The technical description of the detection is illustrated by experimental studies, which exemplify the potential of the imaging technique. Section IV is devoted to the manipulation of single atoms in a quantum gas. An outlook on the future perspectives and their impact on the research field of ultracold quantum gases is given in Section V.
II. PREPARATION AND DETECTION OF INDIVIDUAL IONS AND ATOMS

A. Ions
The preparation of ultracold ions relies on laser cooling techniques in a Penning or Paul trap. Penning traps employ a strong homogeneous magnetic field, which provides the confinement in one plane. An electrostatic field confines the ions in the perpendicular direction. Because they only use static fields, they are especially suited for precision measurements (Blaum et al., 2010; Brown and Gabrielse, 1986) . In the context of quantum optics, many-body physics and quantum information processing, Paul traps are more common. They use time-dependent electric fields which are created by small electrodes of centimeter or millimeter size. The resulting trap geometries can be linear or planar. Alternatively, the electrodes can be implemented on a micro-fabricated chip, which allows for a small trap volume and large flexibility in the trap geometry. In most cases, the resulting confining potential for the ions can be approximated by a harmonic oscillator potential in all three directions (this also holds for the neutral atoms discussed in the next subsection)
where ω i denotes the oscillation frequencies in the idirection. The frequencies of an ion trap are in the kHz to MHz range and provide a steep and deep trapping potential which can exceed the thermal energy scale. Ions can then be trapped for months. The loading can be realized by ionizing neutral atoms from a background gas within the trapping volume. After the first demonstration of cooling and trapping a single Barium ion in a Paul trap (Neuhauser et al., 1980) various laser cooling techniques have been developed for ions and we refer to The ions arrange in a triangluar lattice structure and the lattice constant is d = 20 µm. Employing spin-dependent dipole forces, an effective spin-spin interaction between the ions can be induced. Taken from Ref. (Britton et al., 2012) the literature for a detailed discussion (Adams and Riis, 1997; Diedrich et al., 1989; Eschner et al., 2003; Letokhov et al., 1995; Stenholm, 1986 )) The fluorescence photons which are produced during the laser cooling allow for the detection of the ions by simply collecting them with a high numerical aperture imaging system. The photon detection is typically done with a sensitive CCD cameras. When more than one ion is trapped, the Coulomb repulsion between the ions leads to regular patterns such as linear chains, zig-zag structures or helical structures (Birkl et al., 1992) . Fig. 1 shows the fluorescence image of a trapped ion crystal in a planar Penning trap, showing Wigner crystallization (Britton et al., 2012) . The typical distance between individually trapped ions is on the order of ten micrometer, which can be resolved by an imaging system with moderate resolution.
Apart from fluorescence imaging, ions can also be detected by a particle detector. Continuous or discrete dynode electron multipliers are used in many cases. Similar to photomultipliers and avalanche diodes, these detectors do not resolve the position of the particle, apart from specially fabricated detector arrays. The detection efficiency depends on the ion energy and can reach values close to 1 (Koizumi and Chihara, 2009 ). Multi-channel plates (MCP) in combination with a phosphor screen plus CCD camera or in combination with a delay line anode provide a spatial resolution down to 100 µm. MCPs have a lower detection efficiency of 40-60%, which originates from the ratio between the plain surface and the holes. 
B. Neutral atoms
The forces which can be exerted on neutral atoms by magnetic and electric fields are much weaker than the electrostatic forces in an ion trap. The potential energy of an atom with a magnetic moment of one Bohr magneton in a magnetic field of 1000 G is five orders of magnitude smaller than that of a singly charged ion in an electric potential of 1 V. For the coupling of the electric dipole moment of an atom to the oscillating electric field of a laser, similar arguments apply. Traps for neutral atoms are therefore much shallower compared to ion traps and the oscillation frequencies are in the Hz and kHz regime.
This goes along with a much smaller trap depth. Laser cooling of neutral atoms therefore requires more sophisticated techniques and the single particle detection is more challenging. The magneto-optical trap (MOT) (Raab et al., 1987) is the first stage in practically all ultracold atom experiments and was the first system, where a single neutral particle has been trapped (Haubrich et al., 1996; Hu and Kimble, 1994) . Even though a MOT features a rather large trap depth compared to conservative magnetic and optical traps, the energy transfer in a collision with a background gas atom suffices to remove the atom from the trap. This limits the lifetime of a neutral particle in a MOT to a few tens of seconds, depending on the vacuum level (Cohen-Tannoudji and Guéry-Odelin, 2011) .
In a single-atom MOT, the continuous laser cooling leads to a stochastic motion of the atom which performs a random walk in an area of several tens of micrometers. At the same time, the laser cooled atom scatters photons, which are collected by a detector. Fig. 2 shows the fluorescence signal of a few atom MOT over several minutes . During that time, the atoms stochastically enter and leave the trapping area. In order to efficiently confine the trapped atom and to keep the overall atom number in the MOT small, the magnetic field gradient b of the MOT is one order of magnitude higher compared to a standard MOT with large atom number. The large magnetic field gradient decreases the trapping volume, whose radius scales as b −14/3 (Haubrich and und D. Meschede, 1993) . By a careful analysis of the fluorescence statistics, up to 1200 atoms can be counted accurately (Hume et al., 2013) . Such capabilities are a powerful feature of magneto-optical traps and are often combined with the previous manipulation in conservative magnetic and optical traps. Single atom counting in a MOT has also applications in atom trap trace analysis of elements with extremely low abundance (Jiang et al., 2011; Ritterbusch et al., 2014) .
In a MOT, the trapping principle requires the continuous absorption and emission of photons. Coherent manipulation of atoms is therefore practically impossible, apart from very short timescales. The coherent manipulation of atoms and further applications in quantum information processing require the loading of single atoms in optical trapping potentials (Grimm et al., 2000) . In such a trap, photon scattering is strongly suppressed because the dispersive atom-light interaction which is responsible for the conservative trapping potential scales as I/∆ (I is the laser intensity and ∆ is the detuning from the atomic resonance), while the scattering rate, which is responsible for the heating, scales as I/∆ 2 . For a large detuning ∆ the latter can be made sufficiently small and the atoms can be trapped for several tens of seconds without significant heating.
The most simple optical dipole trap for single atoms is a tightly focused laser beam which intersects a magnetooptical trap (Frese et al., 2000) . Due to the small focus (typically ten micrometer or less), the trap depth is in the mK regime and exceeds the temperature of the atoms in the MOT by at least one order of magnitude. The atoms can therefore be trapped by simply switching off the MOT at the end of the loading sequence. The number of atoms which is loaded in a dipole trap usually follows a Poissonian distribution (Fuhrmanek et al., 2010) . However, for sufficiently strong confinement (one micrometer focus diameter), the trap volume is so small that the simultaneous presence of two or more atoms in the trap leads to light-assisted collisions. Such a collision leads to pairwise loss of the atoms. As a consequence, only no atom or one atom are present in the trap and the number statistics is strongly sub-Poissonian with a probability of about 50 % for the presence of a single atom (Schlosser et al., 2001; Weber et al., 2006) . As only a few milliwatt of laser power are needed for such small traps, arrays of microtraps can be created with spatial light modulators (Knoernschild et al., 2010; Nogrette et al., 2014) . A near deterministic loading scheme which achieves an efficiency of 87 % has been reported in Ref. (Grünzweig et al., 2010) .
One-dimensional optical lattices are also used to trap single atoms loaded from a MOT (Alt et al., 2003; Kuhr et al., 2001) . The optical lattice provides a strong confinement in one direction and can be used to trap several atoms at well defined sites in the lattice (Miroshnychenko et al., 2006; Schrader et al., 2004) . Optical cavities offer another way to study single atoms. Due to the cavity, the interaction between the light and the atom is strongly increased. The small spacing between the two cavity mirrors (usually below one millimeter) prevents direct loading and the atoms are often launched from a MOT into the cavity (Hood et al., 2000; McKeever et al., 2003; Puppe et al., 2007; Ye et al., 1999) .
After being loaded into the dipole trap, the temperature 1 of the atoms is given by the temperature of the MOT. In some cases, the temperature is additionally lowered by sub Doppler cooling mechanism like optical molasses or polarization gradient cooling (Adams and Riis, 1997) . In order to image the atoms in the dipole trap, the MOT and the dipole trap are operated simultaneously. The fluorescence is captured by a high NA objective and imaged on a sensitive CCD camera. The fluorescence light is typically collected for tens or hundreds of milliseconds during which 10 3 to 10 4 photons per atom are detected. As the atoms are hold in place by the dipole trap, a fluorescence image of the atom is obtained.
For many applications, the temperature of the atoms and the corresponding thermal motion in the dipole trap are not relevant. However, especially in the context of many-body quantum system, the full control over the external degree of freedom is necessary. Two strategies are pursued to achieve this. The first one seeks to directly cool the atoms to the ground state of the trapping potential. Raman sideband cooling is the most commonly used technique. It has been explored for trapped ions in great detail and has been transferred to atoms trapped in optical lattices (Belmechri et al., 2013; Cheuk et al., 2015; Omran et al., 2015; Parsons et al., 2015; Patil et al., 2014a; Vuletić et al., 1998) , optical dipole traps (Lester et al., 2014) and optical cavities (Boozer et al., 2006; Reiserer et al., 2013) . sketches the basic principle. Raman sideband cooling is most efficiently done in the so-called Lamb-Dicke regime, where the photon recoil energy is much smaller than the harmonic oscillator energy ω. This ensures that the internal state of the atom is only slightly coupled to its motional state and the latter is practically conserved in a spontaneous emission event. The tight confinement in a single atom trap fulfills in general this condition. Because spontaneous emission is part of the cooling cycle, it can be used for fluorescence imaging. Raman sideband cooling is particularly useful when optical molasses do not achieve a low enough temperature to keep the atoms pinned to the trap. The second strategy starts from a Mott insulator state in an optical lattice, which features ground state occupation from the very beginning. The desired atomic distribution is obtained by removing all other atoms. This approach bears the advantage that a large number of atoms can be prepared simultaneously. A more detailed discussion and examples for this are given in sections III.B and IV.
III. DETECTING SINGLE ATOMS IN A QUANTUM GAS
The interest in ultracold quantum gases ranges from the quantum simulation of many-body systems, quantum optics, quantum information processing, transport phenomena and open system control to sensing and metrology. Many of these topics can benefit from single atom detection capabilities. While single atom sensitivity is mandatory for tasks like quantum information processing (Raussendorf and Briegel, 2001) or the measurement of higher order correlations and string order Preiss et al., 2015a) , also more "classical" problems such as the precise measurement of density distributions Würtz et al., 2009) , pair correlation measurements or impurity physics (Spethmann et al., 2012) can take advantage from it.
The requirements for single atom detection in a quantum gas are more stringent compared to ion systems: the interesting length scales are smaller and the trapping potential for neutral atoms is much shallower. This becomes particularly clear in the case of the Hubbardand Bose-Hubbard Hamiltonian, which are extensively studied in the research field of ultracold quantum gases (Bloch, 2005; Bloch et al., 2012) :
Here, J is the tunneling coupling, U is the onsite interaction energy, and i, j denotes nearest neighboring lattice sites. The bosonic creation and annihilation operators are b † i and b i (n i = b † i b i ), the fermionic creation and anihilation operators are c † i,σ and c i,σ , where σ =↑, ↓ denotes the spin state and
In a typical experimental realization of these Hamiltonians with ultracold atoms, the wavelength of the fluorescence light is comparable to the lattice spacing. As a consequence, the distance between two sites in an optical lattice is on the order of the optical diffraction limit of the detection method. Therefore, a single site resolved imaging technique has to come close to this limit. Also in bulk systems, where no lattice potential is present, various length scales are below one micrometer. For instance, the healing length in a Bose-Einstein condensate (Ketterle et al., 1999) typically amounts to several hundreds of nanometers and the size of a vortex (Madison et al., 2000) or a soliton (Becker et al., 2008) is directly related to it. At densities above 10 12 cm −3 , the average interatomic distance is also below one micrometer. Another example is the spatial extension of the pair correlations in a strongly interacting one-dimensional quantum gas which is given by the interparticle distance (Guarrera et al., 2012) . Sub-micrometer resolution is therefore a necessity for efficient single atom detection in a quantum gas.
The production of ultracold quantum gases is a subject on its own and not part of this review. Detailed de-scriptions can be found in (Cohen-Tannoudji and Guéry-Odelin, 2011; Ketterle and Zwierlein, 2008; Ketterle et al., 1999) . We here assume that the quantum gas is already prepared and resides in an optical dipole trap (Grimm et al., 2000) or a magnetic trap (Fortágh and Zimmermann, 2007) . In the following, we discuss single atom detection based on direct neutral particle detection, ionization, and light scattering.
A. Direct particle detection
A neutral particle in a metastable internal state can store enough energy to release electrons upon contact with a surface. This principle is exploited in ultracold atom experiments with metastable noble gas atoms (Vassen et al., 2012) . The atoms are prepared in the spin triplet state, which also provides a magnetic moment to trap the atoms magnetically. Experiments in the degenerate regime have been carried out with bosonic 4 He and fermionic 3 He atoms (Hodgman et al., 2011; Santos et al., 2001; Schellekens et al., 2005; Tychkov et al., 2006) . The detection principle is sketched in Fig. 4 . After release from the trap, the atoms hit a microchannel plate which is located below the cloud. Once the atoms touch the surface of the MCP, the internal state is quenched and the release energy ejects electrons from the surface. These electrons are accelerated in the MCP, leading to a detectable signal. Due to the spatial resolution in two dimensions and the additional temporal information in the third direction, this technique provides the reconstruction of the full three-dimensional atom distribution. The technique works only in a time of flight arrangement and reaches a detection efficiency of about 25 % This is lower than the typical detection efficiency of an MCP for charged particles (40 -60 %) and has its origin in the different detection process. The single particle sensitivity has enabled the observation of a series of fundamental quantum optical effects, ranging from Hanbury Brown and Twiss correlations for bosons (Schellekens et al., 2005) and fermions (Jeltes et al., 2007) , four wave mixing , third order correlation functions (Hodgman et al., 2011) to the demonstration of a Hong-Ou Mandel interferometer for atom pairs (Lopes et al., 2015) .
A related optical fluorescence technique follows a similar working principle and measures the transit of single atoms through a light sheet which is located below the atomic sample. While the atoms are falling through the light sheet, a CCD camera records the fluorescence traces. This has been used to measure Hanbury Brown and Twiss correlations across the Bose-Einstein condensation threshold (Perrin et al., 2012) . The technique can in principle be adopted to all atomic species used in cold atom experiments.
FIG. 4 Schematics for single particle detection of metastable noble gas atoms. The atoms are prepared in a spin triplet state and fall onto a micro channel plate, once the trapping potential is switched off. The internal energy of the atoms creates free electrons from the surface, which are subsequently detected by the channel plate. With permission from C. Westbrook.
B. Ionization
Ionization of a neutral particle and subsequent ion detection is another technique that can be used to detect single particles in ultracold quantum gases. It also allows for time-resolved studies of the quantum gas. The ionization process can be performed by electron impact ionization, photo-and field ionization as well as intrinsic ionizing collisions. The detection of the ions is realized with a channeltron, a discrete electron multiplier or a multi-channel plate.
Electron impact ionization
The first high resolution imaging of single atoms in a quantum gas was realized with a scanning electron microscope (Gericke et al., 2008) . This approach employs the electron impact ionization of neutral atoms with the help of a focused electron beam (Gericke et al., 2006) . The working principle is the following (see Fig. 5 ): an electron column provides a focused electron beam which is scanned across an ultracold quantum gas . The diameter of the electron beam is between 100-500 nm and the beam current ranges from 10-500 nA. Electron impact ionization creates ions, which are extracted with an electrostatic field and detected by a channeltron. The small diameter of the electron beam ensures a high spatial resolution, whereas the ion detection provides single-atom sensitivity. A typical imaging sequence consists of a rectangular scan pattern of 100 ms duration, in which a few hundred atoms are detected. The overall detection efficiency is limited by the branching ratio between electron impact ionization and non-ionizing collisions and amounts to 10 -20 %. As the cross-section for electron-atom scattering (σ tot = 1.78 ± 0.14 × 10 −16 cm 2 (Würtz et al., 2010b) ) is eight orders of magnitude smaller than the absorption cross-section of a resonant photon, the atomic cloud is optically thin for the electron beam. For typical parameters, only one out of 500,000 incident electrons undergoes a collision.
The high spatial resolution of the imaging technique is illustrated in Fig. 5c . The images show a Bose-Einstein condensate of rubidium atoms which is loaded in a oneor two-dimensional optical lattice. From a quantitative evaluation one can deduce a spatial resolution better tahn 150 nm (Gericke et al., 2008) . The technique can also be used for single-site manipulation in an optical lattice. To this purpose, atoms are removed selectively from individual sites by means of collisions with the focused electron beam. In this way, arbitrary patterns of occupied lattice sites can be produced (Würtz et al., 2009) . Several examples are presented in Fig. 5 . A more detailed description of scanning electron microscopy of ultracold gases and more experiments exploiting this technique can be found in Ref. (Santra and Ott, 2015) . 
Photoionization
A scanning probe technique can also be realized with the help of photoionization, where ground state atoms are ionized in a single-or multiple photon absorption process Kraft et al., 2007; Stibor et al., 2010; Viteau et al., 2010) . For most atoms, single photon ionization is challenging, as the required wavelength is in the ultraviolet spectral region. In the case of rubidiumthe workhorse of cold atom experiments -the wavelength is 297 nm. While this can in principle be achieved with the help of frequency doubling (Manthey et al., 2014) , two-photon or even three-photon (Dodhy et al., 1987) excitation schemes are more common because of the larger cross sections. The ionization cross section for single photon ionization from the ground state of rubidium is σ 5s = 1.7×10 −20 cm 2 (Lowell et al., 2002) . The cross section from the first excited state of rubidium is already a factor of 1000 larger, σ 5p = 1.48 × 10 −17 cm 2 (Gabbanini et al., 1997) . In order to achieve a high spatial resolution that is competitive with other techniques, the focus of the laser beams has to be smaller than 1 µm. The high intensity that is created by the small focus relaxes the conditions for beam power and a few milliwatt of laser power leads to an ionization rate in the MHz range, even for a single photon process. Care has to be taken due to the dispersive light forces, which can attract or repel the remaining atoms. Note that the ionization in a multi-photon process can be made state-selective. Photoionization has been applied to thermal rubidium atoms (Kraft et al., 2007) and Bose-Einstein condensates of rubidium (Viteau et al., 2010) .
Field ionization
Ground state atoms need electric fields of 10 7 − 10 8 V/cm to be field ionized. Sharp tips such as that of carbon nanotubes are capable to provide electric fields of this magnitude. In Ref. (Grüner et al., 2009 ) it has been shown that carbon nanotubes can rapidly field ionize rubidium ground state atoms in the vicinity of the tip. This has the potential to establish a spatially resolved atom detection close to surfaces.
In the research field of Rydberg physics, field ionization is the workhorse for atom detection. Electric fields on the order of 1 − 2 kV/cm are already sufficient to instantly ionize the highly excited atoms. With the help of an inhomogeneous electric field close to a tip, spatial correlations between Rydberg atoms have been detected (Schwarzkopf et al., 2011 (Schwarzkopf et al., , 2013 . The sensitivity of Rydberg atoms to focused electron beams has also been studied (Manthey et al., 2014) . With the help of single site single atom fluorescence imaging (see also next subsection), individual Rydberg atoms in an optical lattice have been detected and an emerging crystalline structure, which is mediated by the long range interaction between the Rydberg atoms, has been observed . While the field of Rydberg physics has strong connections to the research of ultracold quantum gases, a more detailed discussion of the detection mechanisms is beyond the scope of this review. We refer to Refs. (Gallagher, 1988; M. Saffman and Mølmer, 2010; Marcassa and Shaffer, 2014) for a deeper insight into this field.
C. Light scattering
We begin this section with a brief reminder of the basic fluorescence and absorption processes. We approximate the atom with an ideal two-level system with transition frequency ω 0 and decay rate γ. The atom is driven by a light field E(t) = E 0 sin ω L t, where ω L is the angular frequency of the light field and E 0 is its amplitude. The photon scattering rate of an atom exposed to the light field is then given by
where Ω = dE 0 / is the Rabi frequency, d is the dipole matrix element of the transition and ∆ is the detuning.
The scattered photons are emitted into the full solid angle and their spatially resolved detection forms the basis for fluorescence imaging. In absorption imaging, the attenuation of the light beam during the propagation through the cloud is measured. This follows Beer's law and yields I(x, y) = I 0 (x, y)Exp −σ n(x, y, z)dz ,
where n(x, y, z) is the density of target atoms, I 0 (x, y) is the initial intensity and I(x, y) is the intensity behind the atomic ensemble. The absorption cross section σ is connected to the scattering rate (4):
Here, I sat = πhcγ/(3λ 3 ) is the saturation intensity of the transition (Cohen-Tannoudji et al., 1998) and we have assumed that I 0 < I sat . A more detailed description of atom-light interaction can be found, e.g., in (Cohen-Tannoudji and Guéry-Odelin, 2011; CohenTannoudji et al., 1998; Grynberg et al., 2010).
Fluorescence in an optical lattice
Single atom resolved imaging of a quantum gas in a two-dimensional optical lattice with sub-micrometer lattice spacing has been first demonstrated in Refs. (Bakr et al., 2009 (Bakr et al., , 2010 Sherson et al., 2010 ) (see Fig. 6 and Fig. 7) . The imaging relies on the detection of fluorescence light, which is emitted by the atoms upon exposure the near-resonant light fields. Several constraints have to be taken into account:
• The high resolution which is required to resolve submicrometer length scales requires an optical imaging system working at the diffraction limit.
• The resulting short depth of focus requires the confinement of the atoms to a single plane.
• Within that plane, the atoms have to be pinpoint to their position while they are imaged. This entails the use of a two-dimensional optical lattice.
• As the atoms undergo many subsequent absorption and emission cycles, the applied light field are usually designed to provide laser cooling. The lattice potential has then to be deep enough to suppress thermal hopping during the imaging. In these first experiments, which were all carried out with rubidium atoms, an optical molasses was used to provide the necessary cooling. During the optical molasses the atoms isotropically emit photons with scattering rate Γ scat (see Eq. 4). The magnitude of Γ scat depends on the parameters of the optical molasses. Typical values are on the order of Γ scat = 10 5 s −1 . A quantitative discussion of the fluorescence imaging of dense clouds of neutral atoms can be found in Refs. (Cirac et al., 1996; Shotter, 2011) . The solid angle that is captured by the imaging system determines the number of collected photons per atom
where Ω = (NA) 2 /4 is the solid angle that is captured by the imaging system, NA is the numerical aperture, T is the transmission of the optics, τ is the exposure time and η is the quantum efficiency of the CCD camera which collects the photons. For a numerical aperture of NA = 0.7, which requires a dedicated imaging system close to the atoms, a few thousand photons per atom are detected within a typical exposure time of a few hundred milliseconds. This large number of photons translates into a detection fidelity of more than 99.5 %. The exposure time is ultimately limited by the appearance of background gas collisions.
During the imaging, the optical lattice potential has to be much deeper than the temperature set by the optical molasses. Typical temperatures are on the order of 10 -20 µK and the lattice potential has to be a factor of 10 stronger in order to keep the atoms confined. Expressed in terms of the recoil energy, V lattice ≈ 1000 × E recoil . Such deep optical potentials require high power lasers (e.g. 100 W YAG laser), focused down to a beam waist of a few tens of micrometers. If the optical lattice was too shallow, the atoms start hopping during the imaging procedure (Bakr et al., 2009) .
The optical molasses cooling discussed above does not work for all atomic species and different cooling techniques have to be used. In the recent experiments with single fermionic atoms, two different strategies have been pushed forward, both having their origin in laser cooling of trapped ions. Raman sideband cooling (Fig. 3 ) has been applied to fermionic lithium atoms (Omran et al., 2015; Parsons et al., 2015) and potassium atoms (Cheuk et al., 2015) . Alternatively, electromagnetically induced transparency (EIT) cooling (Morigi et al., 2000; Roos et al., 2000) has been used for potassium (Edge et al., 2015; Haller et al., 2015) . In this scheme, the EIT condition in a λ-type of system prevents the absorption of a cooling laser, except for the situation where one vibrational quantum can be removed from the atom. In all three schemes, the scattered photons of the cooling scheme form again the basis for the imaging. For the imaging of single ytterbium atoms (Miranda et al., 2015) no dedicated laser cooling scheme was used, but the imaging was made fast enough to prevent the atoms from hopping between the lattice sites.
Resolving the fluorescence of single atoms residing in a lattice with 500 nm spacing is a major challenge. However, the requirements on the spatial resolution are a bit relaxed, if one applies the concept of the point spread function (PSF). It describes the intensity distribution of a point-like source in the imaging plane. The signal of an atom is then given by the convolution of the PSF with the atomic density distribution. As every atom is identical, the collected fluorescence of many atoms in the lattice is the sum over individual, identical signals. The spatial distribution of the atoms can then be reconstructed with high fidelity in a post processing step. This principle was first demonstrated in a one-dimensional optical lattice with 433 nm period and sparse filling, where neighboring atoms could be identified despite a σ-width of the pointspread function of 810 nm (Karski et al., 2009) . The extension of this technique to two-dimensional lattices is now routinely applied.
As the depth of focus is limited to a few micrometers, essentially only two-dimensional samples are studied in the experiment. The atoms are either initially loaded in only one plane of a perpendicular optical lattice (Bakr et al., 2010) or the experiment starts from a three-dimensional lattice configuration, from which all atoms but those in a single plane are removed (Sherson et al., 2010) . This is realized by applying a magnetic field gradient and performing a microwave frequency sweep, which flips the spins of the atoms in all planes. The plane of interest is then flipped back again by a resonant microwave pulse. The remaining atoms are subsequently removed by a resonant laser pulse.
The resolution requirements can be relaxed if the lattice spacing is larger. In this case, even the full threedimensional reconstruction of the atom distribution is possible by translating the objective with a piezoelectric actuator and imaging all planes successively (Nelson et al., 2007) . The detection of atoms in an optical lattice for a lattice spacing of 2 µm, where tunneling is present, has been reported in Ref. (Itah et al., 2010) . As tunneling for lattice constants larger than one micrometer is rather slow, such approaches are more relevant in the context of quantum information processing.
An important characteristic of fluorescence imaging in an optical lattice is the so-called parity-projection. As two atoms at the same lattice site can rapidly undergo a light-assisted collision (Sompet et al., 2013) , they disappear at the very beginning of the imaging sequence. Lattice sites with more than two atoms have either one atom left (odd initial atom number) or no atom left (even initial atom number). The detection can also be made internal state-sensitive through the combination of a controlled push out of atoms in one internal state with the detection of the remaining atoms in the other internal state.
The successful realization of single atom fluorescence imaging in a quantum gas, has allowed for the first study of single atom resolved bosonic Mott insulators (Bakr et al., 2010; Sherson et al., 2010) . Fig. 6 and Fig. 7 reveal the high level of single atom control in these experiments. Shortly afterwards, a series of ground-breaking experiments of many-body quantum phases and correlated many-body quantum dynamics have been performed. In the following we briefly review two experiments in order to highlight the potential of this technique. In the first experiment to discuss, the propagation speed of particle correlations in a strongly interacting quantum gas has been investigated , see Fig. 8 . It has been predicted that in such systems, a maximal velocity for the propagation of correlations, known as the Lieb-Robinson bound, exists (Lieb and Robinson, 1972) . As a consequence, correlations spread lightcone-like. The experiment was preformed as follows: starting from a one-dimensional bosonic Mott insulator, a quantum quench to a lower lattice height has been used to create doublon-holon pairs, which propagate through the one-dimensional chain. The holon and doublons are correlated with each other and propagate in opposite directions. The correlation length between them thus increases in time. Fig. 8 shows how the correlations propagate in space, evidencing the existence of a maximum velocity. The experimentally determined velocity agrees well with numerical simulations.
The second experiment is an example for the quantum simulation of an antiferromagnetic spin-1/2 chain with the help of strongly interacting bosons in a tilted optical lattice. The model Hamiltonian for this system is given by
Here, S i x and S i z denote the spin projection operators along the x-and z-direction at site i, J is the coupling strength between nearest neighbor spins and h i z (h i x ) are the z(x)-component of the external magnetic field at site i. In the presence of a constant force, the Bose-Hubbard model (2) can be mapped on the spin Hamiltonian (8) following the recipe described in Ref. (Sachdev et al., 2002) . Fig. 9 illustrates the microscopic physics on the level of bosonic atoms in a tilted optical lattice and how effective spins arise from the interaction blockade between the atoms. In order to drive the system between the different quantum phases, the tilt, which corresponds to the externally applied magnetic field, is changed. As a consequence, the system changes from a paramagnetically ordered state (one atom at each site) to an antiferromagnetic state (two atoms at every other site). Both phases can be discriminated with the help of the parity projection technique.
More experiments on many-body quantum systems with single atom fluorescence detection techniques include the observation of string order the realization of algorithmic cooling , photo-assisted tunneling in a strongly correlated Bose gas , the study of a 'Higgs' amplitude mode , the observation of magnon bound states (Fukuhara et al., 2013a) , the dynamics of a spin impurity (Fukuhara et al., 2013b) , spin transport in Heisenberg quantum magnets (Hild et al., 2014) , and the measurement of entanglement entropy (Islam et al., 2015) . New developments include the simultaneous imaging of two spin states Preiss et al., 2015b) , and the imaging of more than one plane of atoms in combination with spin-resolved readout (Preiss et al., 2015b) . Phase transition from a paramagnet to an antiferromagnet, driven by the external magnetic field (realized as tilt of the optical lattice). The two insets show the corresponding fluorescence images for the paramagnet (left, every site is singly occupied) and anti-ferromagnet (right, no atom or two atoms per site, resulting in the absence of fluorescence). From Ref. .
Dispersive coupling to a cavity
The interaction of an atom with a light field can be enhanced if the atom is located inside an optical cavity. The interaction with the light field is then described by the Jaynes-Cummings Hamiltonian (Jaynes and Cummings, 1963 )
where ω 0 is the transition frequency of the atom, ω L is the cavity frequency, σ + (σ − ) are the raising (lowering) operators of the atom, a † (a) denotes the creation (annihilation) operator of a cavity photon and g is the atom-photon coupling strength. The atom-light coupling leads to the formation of dressed states, which are shifted in energy. The presence of an atom in the cavity therefore shifts the resonance frequency of the cavity and the transmission of a weak probe beam is changed. This has been used to detect single atoms outcoupled from a BoseEinstein condensate. The subsequent arrival times of the atoms has allowed, e.g., to measure the atom number statistics of an atom laser (Öttl et al., 2005) .
When a Bose-Einstein condensate is located inside the cavity, long-range interactions between the atoms can be mediated by the photons in a cavity mode. As the res-onator enables the photons to strongly interact with all atoms, long-range order can build up. In this context, the Dicke Hamiltonian (Dicke, 1954; Tavis and Cummings, 1968) has been studied (Baumann et al., 2010) . It describes the collective coupling of N two-level systems, which form a collective spin J = j i , to a single light mode. For increasing drive with a laser perpendicular to the cavity, the system undergoes a phase transition from a superfluid phase to a self-organized phase. This phase is characterized by a checkerboard pattern, where every second site is occupied by an atom. While this technique has no access to individual atoms of the system, the emerging photons from the cavity can be used to probe the system. In this way, atom number fluctuations become observable in real time . The dynamical coupling of atoms to cavities has been reviewed in Ref. (Ritsch et al., 2013) . Ultracold atoms coupled to a cavity have also been used to demonstrate many-body entanglement (Haas et al., 2014; McConnell et al., 2015) .
Absorption imaging
While optical single atom detection is mainly based on fluorescence imaging, the detection of large numbers of atoms is usually done in time of fight absorption imaging. Absorption imaging on the single atom basis is not a standard technique; however, it should be noted that it is possible to see the absorption signal of a single atom (Tey et al., 2008) . In the context of quantum gas research, single atom sensitivity has not been reached so far. However, a careful noise analysis of absorption images unravels the underlying atom fluctuations. This has led to the observation of correlations in a bosonic Mott insulator (Fölling et al., 2005) and anticorrelations (Rom et al., 2007) in a fermionic Mott insulator state. While these experiments were performed in time of fight, in situ detection of atom number fluctuations has been demonstrated for 2D atomic samples. This has been used to measure density fluctuations in a Mott insulator (Gemelke et al., 2009) and to observe scale-invariance in a two-dimensional Bose gas (Hung et al., 2011) .
D. Generalized measurements
The above presented detection techniques can be understood as a projective measurement of the atom number distribution. The interpretation of the measurement result is therefore rather clear. However, the possibility to continuously observe the system under the influence of the measurement of a part of the system requires a more careful description of the detection process. In this section, we look in the details of the measurement process in fluorescence imaging and in scanning electron microscopy. For the sake of simplicity, we consider a lattice model. An ideal detection process measures the exact number of atoms in a given lattice site. It can therefore be described with von Neumann projectors:
where n i denotes the occupation number in lattice site i. We now assume that all lattice sites are measured simultaneously. The projection onto a particular realization of occupation numbers |{n i } = |n 1 , ..., n k , is then described by the operator
The density operator ρ of the many-body system is involved into the mixed state
and the density matrix for a particular outcome of the measurement with atom distribution {n i } is given by
The fluorescence imaging of a many-body system in a lattice differs from this description as parity projection limits the outcome of the measurement in each site to the sub-space {|0 , |1 }. This difference can be captured by an extended description in terms of generalized measurement operators (Wiseman and Milburn, 2010) 
The density matrix is then evolved under the measurement in analogy to equations (12) and (13):
and
The above discussion is rather academic if the system is not further evolved in time after the measurement. However, scanning electron microscopy allows for a local measurement of the occupation number by means of partial atom removal while the remaining system evolves in time. The action of removing a particle by electron impact ionization (or by any other loss process) corresponds to the local application of the annihilation operatorâ. For a generalization to the detection in continuous space, see for instance Ref. . The rate at which the atoms are removed from the lattice site depends on the chosen parameters and is denoted by γ. We assume that the site is illuminated for a short time ∆t. Two physical outcomes after the time ∆t are possible: the detection of a particle as evidenced by a click in the detector or the non-detection of a particle, signaled by the absence of a detector event. The two corresponding operators are defined as (Wiseman and Milburn, 2010 )
provided that the probability for the detection of a particle, given by = γ∆t, is much smaller than 1. The density matrix is evolved according to
The differential change in the density matrix after the time ∆t is given by
= âρâ
In the limit ∆t → 0, the last equation converts into a differential equation for the density matrix and takes the well known form of a master equation in Lindblad forṁ
where we have additionally introduced a unitary time evolution under the Hamiltonian H. Locally detecting atoms is therefore a way to investigate open many-body quantum systems. For strong enough detection strength, the non-unitary part of the master equation can dominate the unitary time evolution. The back action of the measurement process then becomes important and one enters the regime of the quantum Zeno effect (Fischer et al., 2001; Itano et al., 1990) , where the coherent time evolution is modified by the measurement. In ultracold quantum gases, theoretical studies (Barmettler and Kollath, 2011; Brazhnyi et al., 2009; Witthaut et al., 2011) and first experimental work on dissipative and driven-dissipative (Labouvie et al., 2015a) Bose-Einstein condensates as well as the observation of the quantum Zeno effect in a three-dimensional optical lattice (Patil et al., 2014b) show how single particle detection is connected to the control of open quantum systems. In the weak probing limit, where the back action of the measurement process can be neglected ( γ ||H||), the subsequent detection of the particles can be used to measure time-dependent correlation functions locally. This has been applied to temporal pair correlations in thermal gases and one-dimensional quantum gases (Guarrera et al., 2012) .
IV. MICROSCOPIC MANIPULATION OF ATOMS IN A QUANTUM GAS
The spatially resolved manipulation of atoms in a quantum gas is in many cases directly connected to the ability to detect atoms locally. The manipulation can be implemented as density engineering, where atoms from specific lattice sites or regions are removed from the system, or by coherently changing the internal state of one or more atoms at given locations. High resolution in situ density engineering has been realized by local removal of atoms by electron impact (Labouvie et al., 2015b; Würtz et al., 2009) or by applying local spin flip operations followed by the removal of one spin state with an optical push beam (Fukuhara et al., 2013b; Preiss et al., 2015a; Weitenberg et al., 2011) . Density engineering is a strategy to induce a non-equilibrium initial condition in a quantum system. The ensuing dynamics after such a quench allows for the study of the tunneling dynamics of single atoms and strongly correlated quantum walks (Preiss et al., 2015a) as well as many-body transport phenomena such as negative differential conductivity (Labouvie et al., 2015b) or driven dissipative superfluids (Labouvie et al., 2015a) . In optical lattices, the density quench is typically realized in a frozen lattice, where tunneling is absent. The dynamics is then induced by lowering the lattice depth to a value where tunneling sets in (see also II.B.1).
The following example shows how high resolution den-sity engineering can be used to study non-equilibrium dynamics and mass transport in many-body quantum systems. Fig. 10 shows how a weakly interacting BoseEinstein condensate refills an empty lattice site in a onedimensional optical lattice with high filling (700 atoms per lattice site). Because the atoms occupy many radial modes (ω r = 2π × 170 Hz, µ = 2π × 1500 Hz) the refilling dynamics is non-trivial. Due to a combination of intrinsic collisions and non-linear tunneling coupling the resulting current-voltage characteristics exhibit negative differential conductivity (Labouvie et al., 2015b) . Spin flip operations of single atoms have been realized with localized light shifts in experiments employing fluorescence imaging (Fukuhara et al., 2013b; Weitenberg et al., 2011) . The already existing optical microscope is used to overlap an additional addressing beam which is focused onto the atomic sample by the imaging system (Fig. 11) . With the help of piezo mirrors, the beam is scanned across the atomic cloud. The coherent operations are performed as follows: in a first conceptual step, a pseudo-spin 1/2 system is encoded in two different hyperfine states. A convenient choice for rubidium is |↑ = |F = 1, m F = −1 and |↓ = |F = 2, m F = −2 . Transitions between the two hyperfine states are driven by microwave radiation at a frequency of 6.8 GHz. In order to select a specific lattice site, a focused laser is pointed at the particular site (Fig. 11a) . The polarization of the laser beam is chosen such that the two hyperfine states experience different light shifts and the transition frequency between the two states is shifted locally. Spin flips are then driven by frequency sweeps of the microwave radiation (Landau Zener transition) or by the application of a resonant microwave pulse (Fukuhara et al., 2013b) . In combination with a push-out laser beam, spin flip operations are used to remove atoms from specific sites in an optical lattice as described above. Local spin flips have been used to study magnon bound states (Fukuhara et al., 2013a) and the dynamics of spin impurities (Fukuhara et al., 2013b ).
An alternative approach can be realized with a spatial light modulator such as a digital mirror device (DMD). A DMD is a two-dimensional array of micrometer-sized mirrors (10 − 15 µm size), which can be individually flipped. Directly imaging a laser beam, which is incident on the DMD, onto the atoms (Fukuhara et al., 2013b) or manipulating the intensity in the Fourier plane (Preiss et al., 2015a) allows for the site-resolved application of additional light fields at each lattice site. To set the intensity in the lattice sites smoothly, the DMD is demagnified on to the atoms such that the signal from many mirrors contributes to the light field at a single site. This approach has the advantage of addressing several sites at the same time and can also be used to generate arbitrary potential landscapes, which can be used, e.g., for building atomtronic circuits (Eckel et al., 2014; Pepino et al., 2009) 
V. FUTURE PERSPECTIVES
The successful detection of single atoms in a quantum gas has stimulated the research field of ultracold atoms in the past years. Most notably, fluorescence imaging has now been extended to fermionic atoms (Cheuk et al., 2015; Edge et al., 2015; Haller et al., 2015; Omran et al., 2015; Parsons et al., 2015) . In many laboratories, related approaches to image bosonic and fermionic atoms with high sensitivity and high spatial resolution are under way and the next years will likely see an explosion of experimental activities in this direction. The high level of control that is now available in the experiment opens the door to an in-depth study of many-body quantum systems. This includes, e.g., the exploration and characterization of new quantum phases in optical lattices, the non-equilibrium dynamics of many-body quantum systems, the investigation of open quantum systems, lattice physics of bosons and fermions in higher orbitals, the exploration of novel lattice geometries, the creation and characterization of topological edge states and interacting many-body quantum walks as well as the creation of microscopic atomtronic circuits. We close this report by briefly highlighting three examples where further advancing the existing technology pushes state-of-the-art quantum research.
A. Fermionic lattice gases
Directly after the successful imaging of bosonic atoms in quantum gases, the quest for single atom detection in fermionic quantum gases started. Five groups have now successfully imaged single fermionic 40 K (Cheuk et al., 2015; Edge et al., 2015; Haller et al., 2015) and 6 Li atoms (Omran et al., 2015; Parsons et al., 2015) in a twodimensional optical lattice with single site resolution (see Fig. 12 ). An in depth understanding of fermionic manybody quantum systems is essential to predict and design the properties of strongly correlated materials. Their complex physics is also responsible for some of the most urgent unsolved problems in condensed matter physics (Dagotto, 2005) , most notably the lack of a proper understanding of high-Tc superconductivity. One main reason for these problems is the antisymmetric wave function of fermionic many-body systems, which poses severe restrictions on the feasibility of numerical simulations (see, e.g., the so-called sign problem in quantum Monte Carlo simulations (Loh et al., 1990) ). Quantum gas microscopy of fermionic atoms will allow for a detailed study of many of those phenomena with direct access to correlation functions and their dynamics. Such experiments will help to benchmark theoretical models, ultimately unraveling the puzzling nature of strongly correlated electron systems.
B. Designing local interactions
Having high resolution optical access to an ultracold atomic quantum system can be used to create tailored optical potentials and Hamiltonians with spatially varying atom-light coupling. The implementation of fully structured two-dimensional optical potential landscapes with the help of spatial light modulators (Bowman et al., 2015; Brandt et al., 2011; Preiss et al., 2015b) allows for the implementation of atomtronic circuits (Eckel et al., 2014; Pepino et al., 2009) . The same technique can also be used to locally change the interaction between the atoms: the discovery of optical Feshbach resonances (Bauer et al., 2009; Blatt et al., 2011; Bohn and Julienne, 1997; Enomoto et al., 2008; Fedichev et al., 1996; Fu et al., 2013; Theis et al., 2004; Yan et al., 2013) allows for such a spatial variation of the interatomic scattering length (Yamazaki et al., 2010) . Recently, it has 40 K atoms in a lattice with 532 nm spacing (Haller et al., 2015) . Middle:
40 K atoms in an optical lattice with 541 nm spacing (Cheuk et al., 2015) . Bottom: 6 Li atoms in an optical lattice with 570 nm spacing (Parsons et al., 2015) .
been demonstrated for cesium atoms that the scattering length around a Feshbach resonance can be locally tuned with a light field at a particular (also called "magic") wavelength (Clark et al., 2015) . In this way, boundaries between different quantum phases can be investigated, providing a link to edge states, multilayer structures and surface science.
C. One-way quantum computing
Single atom detection and manipulation is also appealing in the context of quantum information processing. Two-dimensional optical lattices with unit filling have been proposed as a resource for what is known as one-way quantum computing (Raussendorf and Briegel, 2001) . In this approach, a lattice system of single atoms is initially entangled (Mandel et al., 2003) . The quantum computation task is then performed by sequential local single-particle measurements in different basis. Thereby, the need for entangling two-particle quantum gates is replaced by the initial global entangling operation. Local measurements of the spin state with high fidelity but vanishing influence on the remaining atoms has not yet been shown. However, more complex atoms with metastable internal states or dedicated experimental sequences might overcome this problem, thus opening yet another promising research direction.
VI. SUMMARY AND CONCLUSIONS
The research field of ultracold quantum gases has seen several breakthroughs in the last decades. Starting from weakly interacting Bose-Einstein condensates and their excitation spectrum, quantum phase transitions in optical lattices and strongly interacting fermionic quantum gases have been explored. Molecular condensates and Fermi gases are also available. The latest developments include long-range interactions and artificial gauge fields. Single atom detection has proven to provide unprecedented insight and understanding of such systems revealing their microscopic structure, dynamics and correlations. Given the experimental progress over the last years, we can look forward to many more exciting results to come.
